We study a set of south (summer) polar passes from the Dynamics Explorer 2 data base that provide measurements of ion and neutral velocities along the track of the spacecraft for various geomagnetic conditions. The ion velocities are obtained from the ion drift meter and the retarding potential analyzer instruments; the neutral velocities are obtained from the Fabry-Perot interferometer and the wind and temperature spectrometer instruments. These data enable a direct determination of the in situ ion-neutral difference velocity. Simultaneous measurements of atmospheric composition using the neutral atmosphere composition spectrometer and of electron temperatures and densities using the Langmuir probe enable the ion heating and cooling rates to be determined. The rates are discussed in relationship to values for the electron, ion, and neutral kinetic temperatures. The comprehensive nature of the data set allows for a quantitative study of ion-neutral coupling and, in particular, affords a more rigorous test of the common assumptions used in the ion energy equation than has been previously possible. From our study we find the following: (1) The ion-neutral difference velocities, which drive the Joule heating, have a complex morphology that depends on the stability of the high-latitude ion convection and the inertia of the neutral gas. (2) Ionospheric "hot spots" are observed to be related to large perpendicular electric fields that give rise to frictional (Joule) heating. (3) These events are often seen to occur in conjunction with troughs in the electron density and with decreases in the ratio of atomic oxygen to molecular nitrogen. In such cases, momentum transfer to the neutral gas is reduced, and the ion-neutral velocity difference and associated Joule heating can be maintained over longer time periods. (4) An approximate balance between local frictional heating of the ions and local cooling of the ions to the neutrals is seen in regions of strong ion convection. The commonly used approximate form of the ion energy equation involving only local processes appears at times, however, to be inadequate for large regions of the summer polar cap. The ion temperatures observed in these regions are higher than expected from simple local heating/local cooling arguments. Additional source(s) of ion heating would be required to provide energy balance.
INTRODUCTION
The interaction between the ionospheric plasma and the neutral atmosphere at high latitudes is known to be complex, and sophisticated large-scale numerical models have been developed to enable better understanding of the energy and momentum transfer processes involved. Three-dimensional, timedependent models of the thermosphere [Fuller-Rowell and Dickinson et al., 1981] are now available that solve the coupled energy and momentum equations for the neutral species based on empirical and semiempirical inputs describing the ionospheric composition and dynamics. These models have been used to examine the predicted behavior of the neutral thermosphere for various different geophysical situations [Roble et al., 1982 [Roble et al., , 1983 Killeen et al., 1982 Killeen et al., , 1983 Hays et al., 1979 Hays et al., , 1984 . One significant difficulty in the study of ion-neutral coupling at high latitudes has been the paucity of direct, simultaneous measurements of ion and neutral velocities. Such data are required to assess the frictional (Joule) heating rate to the thermosphere, which varies with the square of the difference velocity, as well as the direct, collisional exchange of momentum between the ions and neutrals (ion drag). A realistic parameterization of the ion-neutral coupling is needed for the large numerical models since, to a significant degree, this coupling controls the global energy budget of the thermosphere as well as the dynamical processes that redistribute the energy. 7495 Direct measurements of ion and neutral velocities have been made previously using barium and strontium chemical release rocket experiments [Haerendel et al., 1967; Meriwether et al., 1973; Kelley et al., 1977; Heppner and Miller, 1982] . These data, although necessarily limited in scope, have illustrated directly the strong ion-neutral coupling present at high latitudes. Another source of such data has been from joint observations using ground-based Fabry-Perot interferometers and incoherent scatter radar facilities [Nagy et The need for high-resolution (both temporal and spatial) measurements of simultaneous ion and neutral velocities follows from a consideration of the time scales for (1) the ionospheric response to magnetospheric forcing and (2) the response of the neutral atmosphere to forcing by the convecting ions. The "classical" patterns of high-latitude ion convection [Heppner, 1977; Volland, 1978 Volland, , 1979 Heelis et al., 1982] involving two polar vortices are known to be only "representative" or average depictions of the real ion drifts in the F region. Satellite measurements show that the ion drifts covary with the rapid fluctuations of the magnetospheric dynamo electric fields. While the response of the ions to imposed electric fields is near instantaneous, the transfer of momentum to the more numerous neutrals is much slower with time constants being measured in tens or even hundreds of minutes depending on the local ion density. The neutrals therefore tend to filter out the high spatial and temporal frequencies present in the ion motion at high latitudes. The degree of filtering of the input "spectrum" of ion velocities due to the inertia of the neutral gas, in large part, determines the morphology of Joule heating. respectively. In addition to the direct measurements of dynamics the neutral constituent abundances are monitored using the neutral atmosphere composition spectrometer (NACS) , and the electron temperatures and densities are monitored using the Langmuir probe (LANG) [Krehbiel et al., 1981] . The comprehensive set of measurements provides, for the first time on a global basis, direct information on the detailed dynamical coupling between the neutral atmosphere and the ionospheric plasma at F region altitudes. This paper presents first results from a study of the simultaneous ion and neutral motions in the high-latitude thermosphere using measurements from Dynamics Explorer.
A total of six passes of DE 2 over the southern hemisphere polar cap from October 1981 have been selected from a larger data base to illustrate different features of the coupling for conditions of high ion density (sunlit pole). We discuss the measured ion-neutral difference velocities using all other relevant observables from DE 2 with two main objectives:first, to show the variety of coupling regimes that can exist and the consequences on the neutral atmospheric composition, dynamics, and thermodynamics and, second, to study the validity of the commonly used approximation to the ion energy balance equation through an evaluation of individual ion heating and cooling terms.
In section 2 we present the theoretical background for the ion energy balance problem and define a time constant for the ion-neutral momentum exchange process that will be used as a quantitative measure of the strength of the coupling. In section 3 we present the satellite observations. In section 4 we relate the in situ Joule heating measurements to the observed neutral atmospheric response and discuss the morphology of F region Joule heating. In section 5 we discuss the ion energy balance for all passes studied, giving particular attention to orbit 1174. Finally, in section 6 we summarize our findings.
THEORETICAL BACKGROUND

Ion Energy Balance Equation
The general form of the equation governing the exchange of energy between F region ions and the other atmospheric constituents is given by [e.g., Banks and Kockarts, 1973; Schunk, 1977; Banks, 1980 [Schunk, 1975] . In addition, the summation appearing on the right-hand side of (1) is usually evaluated assuming that the neutral atmospheric composition is dominated by a single species (atomic oxygen). Similarly, the ion composition is assumed to be dominated by O +. Heat exchange between the ions and electrons is sometimes also neglected but will be included in the level of approximation tested in this work since it can be determined quantitatively using the DE 2 measurements.
With the above assumptions, the ion energy balance equation may be written (following St. Table 1 lists the assumptions used to simplify the ion energy balance equation at F region altitude. We note that certain geophysical measurements previously reported, e.g., neutral temperatures measured using incoherent scatter radar data, are dependent on the validity of (4). Since the parameters T/, Te, Tn, no, nm 2, ni (= n e), vi, and V n are all measured by instruments on DE 2, both sides of (4) can be independently assessed to test the validity of the approximations inherent in its usage. In fact, the satellite measurements provide a near-ideal data set to test these assumptions, since the measurements are made rapidly enough to define finer details of the ion-neutral coupling than would be resolvable from the ground. Also, there are fewer problems with fields of view or uncertainties in the altitude of the measurements than would pertain to a ground-based study.
Ion-Neutral Coupling Time Constant
The equation governing the exchange of momentum between the ion and neutral populations has been given in full by Dickinson The mechanism which relates :he observations is assumed to work as follows. Immediately after the onset of a large and steady E x B ion drift, large ion-neutral difference velocities are set up that give rise to frictional heating in the F region and in the E region. The consequence of the former is to raise the ion temperatures rapidly, while the consequence of the latter is to produce an upwelling of the neutral gas which brings air rich in molecular nitrogen to F region altitudes [Hays et al., 1973] . The magnitude of the perturbation to the neutral atmosphere is dependent on the E region conductivity and therefore on the extent to which particle precipitation processes enhance that conductivity. The effect of both the ion temperature increase and the increase in N2 density is to raise the ionospheric recombination rate by enhancing the ionatom exchange reaction rates [Banks et al., 1974; Schunk et al, 1975] , producing molecular ions that rapidly dissociatively recombine. Ionospheric troughs are produced whose geometries are dependent on the trajectories followed by the convecting plasma flux tubes. This effect has been discussed in the literature, but what has not been generally recognized is that these processes also prolong the duration of the heating event and modify the neutral winds by slowing down the exchange of momentum from the ions to the neutral gas. The effective momentum decoupling is illustrated in Figure 1 From a study of the data shown in Figures 1-3 it can be seen that F region heating at high latitudes in the summer hemisphere has a complex morphology, with the regions of strong heating at times confined to "hot spots" near convection channels in the dawn auroral zone (orbits 1174 and 1161), at times spread over the entire magnetic polar cap (orbit 1163), and at times present predominantly in the eveningside auroral zone (orbit 1187). This complexity is also seen in the neutral composition variability illustrated in Plate 2. From our study of the neutral winds, ion drifts, and other observables from DE 2 we conclude that the morphology of frictional heating is controlled by a combination of factors: (1) the temporal and spatial variability of the E x B ion drifts, (2) the local electron (ion) density and composition of the neutral atmosphere, and (3) the time taken for the neutral gas to acquire the available momentum from the drifting ions for any given quasi-stable convection pattern, and therefore the time history of the neutral forcing.
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Further work using the extensive data base from DE 2 will, it is hoped, reveal the details of the interplay between the above factors for different geophysical circumstances. Such a study is considered essential to enable realistic parameterizations of the spectrum of high-latitude energy and momentum forcings to be made available for inclusion in the numerical models of these processes.
F REGION ION ENERGY BALANCE
As discussed above, the comprehensive set of measurements from DE 2 enables an evaluation of all individual heating terms used in the standard approximate form of the ion energy balance eqtiation (equation (4)). Here, we use the data already presented from orbits 1174, 1161, and 1163 of DE 2 to test this theory. The approach taken is to view the problem from three different standpoints. First, we use the entire set of relevant satellite measurements, and we calculate the heating rate to the ions due to a combination of electron-ion collisional heating and ion-neutral frictional heating (Qi,) and the cooling rate of the ions due-to collisions with ihe ambient neutral gas (Qout). If the approximate form of (4) is valid, these rates should be equal in magnitude, since the ion temperatures are controlled by purely local collisional processes. Second, we compare the measured ion temperatures with "predicted" ion temperatures calculated using the theory of (7) To discuss in greater detail the comparison of data with theory for this pass, we select the four regions indicated in Figure 4a . Region 1 corresponds to the eveningside auroral zone and a large part of the polar cap. In this region, Q,• is generally negative. This discrepancy is, however, not thought to be significant, since as can be seen from the top panel, the measured and predicted temperatures differ by only a few tens of degrees. This means that an experimental error in (T•-Tn) of that magnitude would explain the discrepancy. Since the ion and neutral temperatures are measured by different instruments with typical statistical accuracies of ~ 20 K, we consider the measurements taken in region 1 to be in good agreement with the theory of (4). In region 2, however, there is a significant disagreement with the approximate theory. In this zone we observe an increase in both T• and Te that does not correspond to a commensurate increase in T,. Here, the ions cool rapidly to the relatively cold neutrals, and yet their temperature is higher by ~ 200 K than would be expected from the measured difference velocities (cf. Figure 1) . Such a large temperature error would be difficult to explain experimentally, particularly in view of the good agreement with theory elsewhere. In region 3 the disagreement is in the opposite sense, with the measured ion temperatures being somewhat cooler than would be expected from the known amount of frictional heating present. This is, however, a region of large ion velocities, and it is likely that the velocity dependence of the ionneutral collision cross section might be of importance (see, for example, St. Figure  4a , as mentioned earlier, shows good agreement between the measurements and the approximate theory. Since the problem highlighted by region 2 of orbit 1174 was so significant, a large effort was undertaken to ensure that no obvious experimental errors could account for the disagreement. First, an exhaustive survey of individual spectra obtained from both the RPA and FPI instruments in this region was undertaken, and no anomalies were found. Second, neutral temperatures from the WATS instrument were used in place of the FPI temperatures, and although there were small differences in values between the FPI and WATS measurements (approximately tens of degrees), the lack of an increase in Tn associated with the T• increase was also apparent in the WATS data. Third, the heating and cooling rate calculations were repeated incorporating N2 collisions in the theory using the measured N2 density. It was found that the calculated rates were insensitive to neutral composition. In Figures 5 and 6 we show further examples of the ion energy balance calculations for orbits 1161 and 1163, respectively. For orbit 1161 there is a significant discrepancy between the measured and predicted ion temperatures in a large region of the polar cap, although as before, there is good agreement elsewhere. The other pass (1163) shows a larger degree of structure in the difference velocities, and once again there are regions of agreement and of disagreement. For all orbits studied, there is rough (first order) agreement between the approximate theory and measurement, with discrepancies, where they occur, attributable to temperature differences rarely exceeding 100-200 K in magnitude. The discrepancies are, however, significant, since they cannot be easily explained in terms of experimental error and in the negative solid regions they require the existence of a source or sources of ion heating that have not been considered previously in experimental studies of high-latitude F region ion energetics. 3. A feedback mechanism acting on the ion-neutral coupling due to neutral compositional changes and enhanced ionospheric recombination has been postulated. This mechanism has the effect of causing significant momentum decoupling of the ions to the neutrals during a Joule heating event.
The effect of such a mechanism on the dynamics of the upper atmosphere at high latitudes needs to be addressed theoretically. It is suggested that the combination of a self-consistent ionospheric model, incorporating transport effects, with a three-dimensional, time-dependent general circulation model of the neutral atmosphere would provide the most suitable theoretical tool for such a study.
4. A first-order agreement is observed between measured ion heating rates and temperatures and the conventional, approximate theory based on the ion energy balance equation. There are, however, important disagreements that are difficult to explain by experimental error. The discrepancies observed would imply the presence of a missing ion heat source (or sources) in the high-latitude F region. Such a source has not been previously considered in studies of the neutral dynamics and thermodynamics, on the basis of inferences made using the approximate theory. Additional experimental work using comprehensive data sets and careful error analyses is clearly called for to study more fully this issue in F region ion energetics.
